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ABSTRACT

A series of 222 unfaxial constant-strain-rate comr
pression tests were performed on vertical multi-vear
pressure ridge sea ice samples. A preliminary analysis
of the effect of structure on thz compressive strenzth
of the ice was performed on 78 of these tests. Test
parameters included a temperature of -5°C (23°F) and
strain rates of 10-° and 103 s™'. Columnar ice loaded
parallel to the elongated crystal axes and perpeundi-
cular to the crystal c-axis was consistently the
strongest type of ice. The strength of the columnar
samples decreasad significantly as the orientation ¢f
the elongated crystals approached the plane of maxinum
shear. Samples containing granular ice or a mixture of
granular and columnar ice resulted in intermediate and
low strenzth values. No clear relationship could be
established between siructure and strength for these
ice types. However, in general, their strength
decreased with an increase in porosity.

INTRODUCTION

Multi-year ridge sea ice is highly variable in its
structural composition. Samples taken from a multi-
year ridge for mechanical testing exhibit structural
ice types that reflect the history of formation of the
ridge. 1Ice structure types Include coluanar ice,
granular ice and a mixture of columnar and granular
ice. Columnar ice may be derived from the parent ice
sheets involved in the ridge building or from new con-
gelation growth. Granulation of the ice during ridge
formation may produce a fine granular material.
Mixtures of granular and columnar ice can be created
during the formation and consolidation of the ridge.
The amounts of these ice types vary both between and
within individual samples.

Studies by Peyton (1) and Wang (2) have shown
large variations in the strength of first-year sea ice
that depend on the ice type, grain size and crystal
orientation. A review and discussion of the effects of
ice structure on the strength of first-year sea ice can
be found in Schwarz and Weeks (3). In a recent study
on the mechanical properties of multi-year ridge sea
ice, a series of uniaxial constant strain rate compres-—
sion tests was performed on vertical ice samples from

ten multi~year pressure ridzes (4, 5). The data

for the maximum stress value, or strength, of these
samples had a large amount of scatter. Much of this
scatter may be the result of variations in ice strue-
ture between samples. This paper presents tha results
of a preliminary analysis to determine the relationship
between ice strength and structure in multi-year ridge
samples.

SAMPLE ANALYSIS

To evaluate the structural composition of each
sample a series of thin sections was prepared according
to the techniques described in Weeks and Gow (5).
Sections of both the tested samples and the end pieces
adjacent to the test specimen were preparad. End
pieces were studied to help determine inherent
structural characteristics of the specimen. WHorizontal
thin sections were prepared from the top, middle and
bottom of the test samples that were not destroved
during the test. The remainder of the sample was
sectioned vertically in two cuts, one normal to the
other. The ice type, grain size, and crystal
orientation were determined by studying the photographs
of the horizontal and vertical thin sections taken in
crossed-polarized light. :

In addition to thin-sectioning, backlighting was
used for nondestructively determining the gross
structural features of the ice. A high-intensity light
was placed behind the sample before testing, and photo-
graphs were taken. After testing, the sample was again
placed in front of the light and photographed at the
same positions. The two sets of photographs were con-
pared to distinguish between original and test-created
ice fabrics.

SAMPLE CHARACTERIZATION

Each sample was classified accordiang to ice type.
Existing ice classification methecds, such as those of
by Michel (7) and Cherepanov {(8), were not appropriate
for multi-year ridge ice since they did not consider
deformed ice types. Both of these classification
schemes also required some knowledge of the ice origin;
because the ridge ice was deformed, its origin was dif-
ficult to establish., Therefore, a simple ice structure



Table 1. Structural classification scheme
for multi-year pressure ridge ice samples.

Code Structural Characteristics

Ice Type

Granular 1 Isotropic, equiaxed crystals

Columnar I Elongated, columnar grains
IIA Columnar sea fice with c-axes normal
to growth direction; axes may not
be aligned
I11B Columnar sea ice having random
c-axis orientation (transition
ice)
IIC Columnar freshwater ice; may be
either anisotropic or isotropic
Mixed 111 Combination of Types I and III
ITIA Largely Tvpe II with granular veins
1118 Largely Tvpe I with inclusions of

Type I or IT ice (brecciated ice)

Cotumnar Ice
(Type II)

Granular Tce
(Type IT)

Brecciated
{Type IB)

Healed Fracture
{Type I A)

cm
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Figure 1. Structural characteristics of multi-year ice
types.

classification scheme was devised for multi-year ridge
sea ice. The scheme was based solely on ice structure
types observed in continuous multi-year pressure ridge
cores and test specimens. A summary of the classifica-
tion is presented in Table 1. Figure 1 is a series of
thin sections, photographed in cross—-polarized light,
which 11lustrate the principal structural characteris-
tics of the fice types.

~

The structural classification scheme does not con-
sider any genetic criteria, but the origin of each ice
type may be postulated. Granular ice may be derived
from snow or slush ice, from frazil, from the granula-
tion of the sheet ice during the ridge building
process, or from freezing in the void spaces in the
ridge during consolidation. Columnar fce is probably
largely derived from the parent sheet ice that was
deformed to form the ridge. 1t may also form at the
base of the ridge by congelation growth after ridging.
The mixed ice probably originates during ridge building
and consolidation. Mixtures of granular and columnar
ice may form in the ridge volds (Type III). Type IIIA
ice includes healed fractures, and Type IIIB ice is
probably the cataclastic product of ice blocks from the
parent sheet that were grounded together.

RESULTS

In the study performed on vertical multi-year
pressure ridge samples (4, 5), 222 uniaxial constant-
strain-rate compression tests were conmpleted on multi-
year ridge samples. A structural analyvsis was con-
ducted on the first 73 compression tests to evaluate
the structure-to-strength relationship. All of these
tests were done at a temperature of -53°C (23°F). oOf
these 78 tests, 39 were conducted at a constant strain
rate of 10~° s~! and 39 tests were conducted at 103
s™*,

For each strain rate the five strongest, the five
weakest, and five intermediate strength samples were
chosen for detailed structural analysis. The ice was
separated into these groups to make anv structural
variations evident.

The strength, structure, grain size and porosity
of the selected samples are given in Table 2, In this
table the elongation direction for the columnar ice
samples refers to the angle between the columns, or
elongated axes, and the loading direction (vertical).
Porosity values were determined using the relarionship
established bty Cox and Weeks (9), which relates sample
salinity, density and temperature to sample porosity.

In both the 10-3 g=! and the 103 s~} tests,
columnar specimens oriented with their elongated
crystal axes parallel (0°-20°) to the loading direction
were consistently the strongest type of ice (Type
IIA). 1In this case the c-axes was normal to the load
direction. Of these samples, specimens with aligned
c-axes were stronger than those having random, planar
c—axls orientations. Columnar samples having elongated
crystals oriented parallel to the plane of maximum
shear (30°-60° to the loading direction) gave low
strength values. Randomly oriented colummar ice (Type
I1B) had an intermediate strength.

Samples containing granular ice (Type I) or a =ix~
ture of granular and columnar ice (Type III) consis-
tently resulted in intermediate and low strength
values. Based on structure alone, no clear relation-
ships could be established between structure and
strength for these types of ice. However, in general,
the weakest samples had much higher porosities than the
intermediate strength specimens.

These results are best summarized in a plst of
strength versus porosity. The tests performed at con-
stant strain rates of 10~° and 107° s~} are presented
in Figure 2. In both test cases the columnar samples
with a crystal elongation of 0° with the vertical had
significantly higher strength values than the other
samples and had low porosity values., The remaining
test samples indicate a decrease in strength with an
increase in porosity. This trend is more pronounced at
the higher strain rate, 10-3 s"l, where internal flaws
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Table 2. Strength, structure, and porosity of selected ridge
ice samples tested at -5°C (23°F).

Sample Strength " Grain size Porosity
Number (MPa) (1bf/in.*) Ice type (mm) {o/00)

r
Tested at a strain rate of 10-°> s"1

High strength
/RIB-320/346 7.52 1090 ITA-Aligned 55x10 25.3
0° Elongation
/R5B-075/101 5.34 774 I1 A-Aligned 17x6 72.3
/ 5° Elongation
/RIB-629/445 4,80 696 I11A 15%10 23.7
) 5° Elongation
/RBA-432/458 4,53 657 ITA-Aligned 30%5 24.5
5° Elongation
/R5A-165/191 4.27 619 I1TIA 15x3 16.9
. 0° Elongation
iR7A-342/368 4,19 607 1IC 2-20 24.4

0° Elongation
Intermediate strength

/R3B-363/387 2.72 394 1118 <1 15.3
JR2A-140/165 2.68 388 1 2 10.1
IR5B-341/367 2.54 368 1 <1 56.1
“R7A-059/082 2.49 361 I <1 69.5
R8B~515/541 2.40 348 113 20x%5 23.8
Low strength '

‘R7B-241/267 1.58 229 111 5 77.8
JR1A-226/252 1.48 214 IIA 25%x15 19.4

40° Elongation

VR1A-399/425 1.48 214 111 _— 38.9
“R2B-094/121 1.18 171 1118 < 143
JRTA-263/286 0.47 68 III 35 154

40° Elongation

A
Tested at a strain rate of 10-3 s~ *

High strength

“R1A-300/326 10.90 1580 ITA-Aligned 55x10 20.3
0° Elongation
‘R7B=-440D/466 10.62 1540 IIA-Aligned 45x10 32.0
5° Elongation
R8B-483/509 9.93 1440 I1IA-Aligned 50x15 25.6
: 15° Elongation
/R8B~384/410 8.94 1297 ITA 40x10 24.2
0° Elongation
“R2A-285/310 8.76 1270 ITA 25%15 22.3
10° Elongation
R1B-175/201 8.76 1270 ITA - 16.2
80° Elongation
\R5B-141/167 8.76 1270 ITA 45x25 21.1

0° Elongation
Intermediate strength -
R3B-331/357 6.70 971 IIIB <1 31.4

~ R3A-188/213 6.69 979 111 .5 23.5
“R3A-401/427 6.38 925 111 <1 21.0
“RIB-216/241 6.31 915 1IA 35%20 16.3
’ 40° Elongation
YR4B-299/325 6.28 910 111 2-10 56.2
“R4B~420/466 6.28 910 I1IA 35x10 53.0
Low strength
VR8B-3007/326 4.05 587 111 — 15.1
JR7B-175/201 3.84 557 1IC 5 23.3
i 50° Elongation .
JR75—072/098 3.36 487 111 - 53.4
“R2A-110/135 2.81 408 1 <1 86.9
R8A-033/059 2.39 346 IIIA - 75.2
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Figure 2. TUniaxial constant-strain-rate compression strength of ridge ice samples versus
porosity for tests conducted at -5°C (23°F). The closed circles (s) represent columnar
ice samples loaded parallel to the elongated crystal axis and perpendicular to the c-axis;
the open circles (o) represent all other test samples.
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and cavities play a more important role in brittle ice
failure.

The observation that the streagth of columnar sea
ice varies with load orientation agrees with the
findings of Peyton (1) and Wang (2) for first-year sea
ice.

CONCLUSIONS

The maximum strength value that a multi-year ridge
sea ice sample will attain depends on the sample struc—
ture and porosity. A columnar sample is predoaminantly
influenced by the orientation of the elongated grains
and hence the crystal c-axis orientation relative to
the loading direction. Samples composed of granular
ice or a mixture of granular and columnar have a
strength largely dependent on porosity.

Obviously, much more work must be done to provide
a more exact relationship between strength, structure
and porosity. Reliable constitutive relationships ap-
proximating multi~year ridge behavior cannot be estab-
lished until the Interaction of the highly variable
structure within the ridge is understood. This will
require an estimation of the relative amounts of ice
types within a ridge and the dominant failure
mechanisms.
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